This paper studies the transmission of volatility and trading activity in the foreign exchange market across trading regions for the euro-dollar and dollar-yen currency pairs, using highfrequency intraday data from Electronic Broking Services (EBS). In contrast with previous studies that use indicative quote frequency to proxy for trading activity, we use actual regional trading volume to identify five distinct trading regions in the foreign exchange market: Asia Pacific, the Asia-Europe overlap, Europe, the Europe-America overlap, and America. Based on realized volatility computed from high-frequency data and a regional volatility model, we find statistically significant evidence for volatility spillovers at both the own-region and the interregion levels, but the economic significance of own-region spillovers is much more important than that of inter-region spillovers. We also examine the transmission of trading activity (trading volume and number of transactions) across the five trading regions and find similar results to those for volatility, but the economic significance of own-region spillovers is even more dominant.
Introduction
The informational linkages across financial markets have received increasing attention in the international finance literature. Such linkages across markets are mostly manifested by the transmission of both volatility and trading activity. In this study, we examine volatility and trading activity transmission in the global interdealer foreign exchange market. This paper uses a dataset of trading volume and prices in spot euro-dollar and dollar-yen trading from Electronic Broking Services (EBS) covering the period from January 1999 to February 2004. This EBS dataset has several important advantages. First, the EBS dataset consists of transactable quotes, as opposed to indicative quotes from Reuters used in previous studies, as well as actual trading volume which was previously not available. Second, EBS has become the major trading platform for the two most traded currency pairs, the yen and the euro, making the results based on this dataset a true representation of the behavior of global interdealer foreign exchange markets.
We investigate volatility and trading activity (measured by both trading volume and number of transactions) spillovers across three major trading areas (centered in Tokyo, London, and New York) for two currency pairs (euro-dollar and dollar-yen). We are interested in the extent to which changes in foreign exchange volatility in one market influence that in the next market, and whether changes in trading activity in one market are positively related to changes in trading activity in the next market. Specifically, this paper explores several issues as follows.
First, this paper uses a new dataset from EBS on regional trading volume to classify different trading regions in the global foreign exchange market for the euro-dollar and dollar-yen currency pairs. Trading volume is a better measure of trading activity than quote frequency used in previous studies (e.g., Melvin and Yin (2000) and Melvin and Melvin (2003) ). EBS records regional trading volume by transactions that occur between pairs of the three physical locations of the EBS computer centers: Tokyo, London, and New York. These computer centers are linked together in real time, and EBS classifies the origin of each trade from the physical location of the computer center that serves each region.
1 Based on our assessment, we define five distinct trading regions: Asia Pacific, the Asia-Europe overlap, Europe, the Europe-America overlap, and America.
Second, we test two competing hypotheses on volatility clustering as first studied in Engle, Ito, and Lin (1990) : the heat wave hypothesis refers to volatility clustering at a regional level-a high (low) volatility in a region today tends to be followed by a high (low) volatility in the same region on the following day. The competing meteor shower hypothesis refers to volatility clustering at a global level-a high (low) volatility in one region today tends to be followed by high (low) volatility in the next trading region. Engle, Ito, and Lin (1990) find support for the meteor shower effect, while Baillie and Bollerslev (1990) , Hogan and Melvin (1994) , and Melvin and Melvin (2003) report evidence for the heat wave effect. These conflicting results may reflect differences in their sample period, mostly very short, and sampling frequency. This paper contributes to this research area by using high-frequency intraday data with a longer and more recent sample period to test the heat wave and meteor shower hypotheses. In addition, our measure of volatility is based on high-frequency data, thus allowing us to treat volatility as observable as opposed to latent (Andersen, Bollerslev, Diebold and Labys (2001) ), which make our results independent of statistical models for volatility (e.g., GARCH and stochastic volatility models).
1 All dealers located in the Asia Pacific area are served by the computer center in Tokyo and all trades are recorded as originating from Tokyo. The computer center in London serves dealers that are located in Europe, the Middle East, and Africa, and the computer center in New York serves dealers that are located in both North and South America.
Third, we explore the spillovers of trading activity across regions for the two currency pairs. To our knowledge, this paper is the first to study trading activity transmission in the foreign exchange market. We use both trading volume and number of transactions to measure trading activity. Previous studies have attempted to proxy for actual transaction volume data by using futures exchange volume data (e.g., Chaboud and LeBaron (2001) ) or the frequency of indicative quotes on Reuters data screens (e.g., Melvin and Yin (2000) ), but these measures have already been shown to be poor proxies. Since informational linkages are manifested by both volatility and trading activity, we use trading activity as a robustness check for the information transmission dynamics. We also repeat the test with number of transactions, as Jones, Kaul, and Lipson (1994) find that in the case of equity markets the key information in trading volume is captured by number of transactions.
We estimate a regional volatility model by allowing each region's volatility to depend on its own past volatility and other regions' past volatilities, similar to Melvin and Melvin (2003) .
We find statistically significant evidence for both the heat wave and meteor shower effects for both currency pairs, but the heat wave effect is much more important economically than the meteor shower effect. We also estimate a regional model for trading activity similar to that of volatility. Consistent with results on volatility, we find statistically significant evidence for both the heat wave and the meteor shower effects. Again, we find that the heat wave effect is much more important economically than the meteor shower effect. The similarity of our results based on a longer and more recent sample period for both volatility and trading activity confirms the robustness of our findings.
The remainder of the paper is organized as follows. Section 2 describes data sources.
Empirical models and empirical results are in Section 3. Section 4 presents conclusions of this paper.
Data
The EBS system operates 24 hours a day and is widely used by dealers in all major foreign exchange trading centers. The electronic limit order book allows speedy transactions between dealers, usually completed within one second. We study the euro-dollar and dollar-yen currency pairs. The sample period is from January 4, 1999 Although the FX market is a 24-hour market, previous studies have documented strong intraday pattern of volatility and proxies for trading activity, reflecting the distinct opening and closing times in the major trading centers (e.g., Baillie and Bollerslev (1990) , Melvin and Melvin (2003) , and Ito and Hashimoto (2004) ). The two panels in Figure 1 We do not consider the New York/Tokyo overlap period since it is very short (half an hour or so) and trading is very light.
opening and closing hours for each of the five geographic trading regions, taking into account the daylight saving time shifts in Europe and America.
Empirical Models and Empirical Results

Regional Volatility Model
The work by Andersen, Bollerslev, Diebold and Labys (2001) shows that a lowfrequency volatility measure can directly be computed from high-frequency data (realized volatility). Realized volatility has several advantages over the existing methods to estimate volatility. First, it can be treated as an observable variable as opposed to a latent variable estimated from the GARCH-type models, which makes it easier to model the dynamics of volatility, especially in a multivariate setting. Second, it does not rely on any volatility models (e.g., GARCH and stochastic volatility models), making the volatility measure more robust.
To compute realized volatility (variance) for each trading region, we sum the squared five-minute exchange rate returns (logarithmic changes in exchange rates) over each trading region, as shown in Figure 2 . Because the five regions have different trading time lengths, we normalize realized volatility by the number of five-minute intervals within each region to make the volatility estimates comparable across regions. We use the logarithm of normalized realized volatility as our volatility measure as previous research has shown that log volatility is closer to normality and can reduce outlier observations (Andersen, Bollerslev, Diebold, Labys (2001 ). Figures 3 through 5 show the average five-minute intraday and regional mean absolute returns, trading volume and numbers of transactions, respectively. Not surprisingly, absolute returns, trading volume and numbers of transactions are almost always highest during the Europe-America overlap region. The Asia-Europe overlap region also appears highly active, especially for dollar-yen.
We model the dynamics of volatility measures by allowing each region's volatility to depend on its past volatility and other regions' past volatilities (Melvin and Melvin (2003) ).
Specifically, we estimate the following five-equation (one for each region) system of equations:
where σ 2 t is a vector of regional volatility at day t, X is a vector of dummy variables to control for day of the week and holidays in Japan, the United Kingdom, and the United States and for large movements in exchange rate due to foreign exchange interventions 5 , and ε is a vector of innovations. The vector of volatility contains volatility measures for five trading "regions": Asia Pacific, the Asia-Europe overlap, Europe, the Europe-America overlap, and America. Because of the time-zone difference, the timing convention of the vector of volatility measures differs across the five trading regions. For example, the first lag for the Asian region regression is the previous day's volatility of the Asian region and other regions, whereas the first lag for the American region regression is the previous day's volatility for the American region but the same day volatility for other regions. The lag length of the system of equations is chosen by the Akaike information criterion. 6 We estimate this system of equations by using seemingly unrelated regressions (SUR), as the dating convention used results in different (calendar time)
lags on other region's volatility for each equation (different right-hand side variables across equations), making the SUR more efficient than ordinary least squares.
Regional Trading Activity Model
To study the transmission of trading activity across different trading regions, the joint dynamics of trading activity across the five trading regions must be modeled. Following the same modeling strategy used for volatility, we model each regional trading activity to depend on its past trading activity and other region's past activities. The timing convention for other region's past activities follows that used for volatility. As noted earlier, we use two measures of daily regional trading activity. First, trading volume denominated in base currency within each region is used to measure trading activity. Second, we use the number of transactions that occurs within each region to measure trading activity. Figure 4 shows average five-minute intraday and regional trading volume. All trading volumes are index to the average trading volume where the index equals to 100 for average five-minute trading volume over the whole sample. Figure 5 shows the average five-minute intraday and regional number of transactions, also indexed to the average number of transactions.
Empirical Results
To conserve space, we do not report all coefficient estimates from the five-equation system of equations. We only report Wald test statistics for blocks of coefficients representing heat wave and meteor shower hypotheses. The null hypothesis for heat wave effect is that each regional volatility (trading activity) depends on its past volatility (trading activity), while the null hypothesis for meteor shower effect is that each regional volatility (trading activity) depends on other region's past volatilities (trading activities). Tables 1 through 6 Table 2 . Similar to the results on euro-dollar volatility, there is statistically significant evidence of both heat wave and meteor shower effects.
To evaluate the economic importance of the heat wave effect (own-region past volatility) and the meteor shower effect (other region's past volatility) in explaining each region volatility persistence, we simulate our system of equations to examine the impact of a one-standard deviation shock to the innovations of volatility in each region on current and future values of shower effect is most pronounced between the originator of a shock region and the consecutive region, as shown in the boxes to the right of the diagonals. The heat wave effect, however, is economically much more important than the meteor shower effect, indicating by the size and the persistent of the responses on the diagonals as compared to the off-diagonals, similar to results in Melvin and Melvin (2003) .
It is well established that information affects both volatility and trading volume. Thus, we use test results for trading volume as a robustness check of the results for volatility. In addition, studying trading volume sheds light on the role of information in resolving heterogeneity in agents' beliefs (e.g., Harris and Raviv (1993) and Shalen (1993)). Results on statistical tests of heat wave and meteor shower hypotheses for euro-dollar and dollar-yen trading volumes are shown in Tables 3 and 4 Similar to the results on euro-dollar trading activity, the results on the dollar-yen trading activity show statistically significant evidence of both heat wave and meteor shower effects. For the meteor shower effect, most of trading activity spillover originates from Asia Pacific and the Asia-Europe overlap regions. This finding may be attributable to the fact that most information that drive dollar-yen exchange rate originates from Japan.
The economic importance of heat wave and meteor shower effects for trading activity is evaluated in Figures 8 and 10 for euro-dollar. The results are similar to those based on volatility in that the heat wave effect is more important economically than the meteor shower effect.
However, the relative magnitude of economic importance between heat wave and meteor shower effects based on trading activity is much larger than that based on volatility. Figures 9 and 11 show results for dollar-yen trading activity. The results are similar to those of euro-dollar trading activity.
Overall, we find statistically significant evidence of heat wave and meteor shower effects for both volatility and trading activity for both currency pairs. However, the heat wave effect is more important economically than the meteor shower effect for both volatility and trading volume, especially for trading volume. The fact that results from both volatility and trading activity are similar confirms the robustness of empirical results documented in this paper. 
Conclusion
This study uses a model-free volatility measure computed from high frequency data to explore the transmission of volatility in the foreign exchange market. Our results are based on a dataset from EBS, which represents most of the global interdealer trading activity in the eurodollar and the dollar-yen exchange rates and contains a longer and more recent sample period than previous studies (e.g., Engle, Ito, and Lin (1990) , Baillie and Bollerslev (1990) , Hogan and Melvin (1994) , and Melvin and Melvin (2003) ). In addition, our realized volatility is based on transactable quotes as opposed to indicative quotes used in existing studies. These advantages of our data should give us a better understanding of the sources of volatility clustering. Based on our regional volatility model, we find statistically significant evidence for both the heat wave and the meteor shower effects. The heat wave effect, however, dominates the meteor shower effect in economic significance.
Unlike previous studies, which only investigate the transmission of volatility across trading regions, this paper is the first to study the transmission of trading activity across trading regions. Similar to results for volatility, we find statistically significant evidence supporting both the heat wave and the meteor shower effects, and the heat wave effect is much more important economically than the meteor effect. The similarity of our results for both volatility and trading activity confirms the robustness of our findings. This figure shows means of five-minute intraday and regional mean absolute return. Regional means are Asia, the Asia-Europe overlap, Europe, the Europe-America overlap, and America. The regional mean for Asia appears both at the first and the last sections (from 17:01 through 2:30). This figure shows the effect of a one-standard deviation shock to the innovations in volatility of one region on day t on itself and the other regions for days t+1 through t+15 (3 weeks). The impulse response functions are shown in solid lines, and the two-standard error bands are shown in dashed lines. The two-standard error band is computed from a bootstrap with replacement for 2,000 repetitions. The ordering of the system of equations is Asia (AS), the Asia-Europe overlap (AE), Europe (EU), the Europe-America overlap (EA), and America (AM).
Figure 7: Response of dollar-yen volatilities to one-standard deviation shocks
This figure shows the effect of a one-standard deviation shock to the innovations in volatility of one region on day t on itself and the other regions for days t+1 through t+15 (3 weeks). The impulse response functions are shown in solid lines, and the two-standard error bands are shown in dashed lines. The two-standard error band is computed from a bootstrap with replacement for 2,000 repetitions. The ordering of the system of equations is Asia (AS), the Asia-Europe overlap (AE), Europe (EU), the Europe-America overlap (EA), and America (AM).
Figure 8: Response of euro-dollar trading volumes to one-standard deviation shocks
This figure shows the effect of a one-standard deviation shock to the innovations in trading volume of one region on day t on itself and the other regions for days t+1 through t+15 (3 weeks). The impulse response functions are shown in solid lines, and the two-standard error bands are shown in dashed lines. The two-standard error band is computed from a bootstrap with replacement for 2,000 repetitions. The ordering of the system of equations is Asia (AS), the Asia-Europe overlap (AE), Europe (EU), the Europe-America overlap (EA), and America (AM).
Figure 9: Response of dollar-yen trading volumes to one-standard deviation shocks
Figure 10: Response of euro-dollar number of transactions to one-standard deviation shocks
This figure shows the effect of a one-standard deviation shock to the innovations in the number of transaction of one region on day t on itself and the other regions for days t+1 through t+15 (3 weeks). The impulse response functions are shown in solid lines, and the two-standard error bands are shown in dashed lines. The twostandard error band is computed from a bootstrap with replacement for 2,000 repetitions. The ordering of the system of equations is Asia (AS), the Asia-Europe overlap (AE), Europe (EU), the Europe-America overlap (EA), and America (AM).
Figure 11: Response of dollar-yen number of transactions to one-standard deviation shocks
